We retrospectively reviewed the records of 1150 computer-assisted total knee replacements and analysed the clinical and radiological outcomes of 45 knees that had arthritis with a preoperative recurvatum deformity. The mean pre-operative hyperextension deformity of 11° (6° to 15°), as measured by navigation at the start of the operation, improved to a mean flexion deformity of 3.1° (0° to 7°) post-operatively. A total of 41 knees (91%) were managed using inserts ≤ 12.5 mm thick, and none had mediolateral laxity > 2 mm from a mechanical axis of 0° at the end of the surgery. At a mean follow-up of 26.4 months (13 to 48) there was significant improvement in the mean Knee Society, Oxford knee and Western Ontario and McMaster Universities Osteoarthritis Index scores compared with the pre-operative values. The mean knee flexion improved from 105° (80° to 125°) pre-operatively to 131° (120° to 145°), and none of the limbs had recurrent recurvatum.
Genu recurvatum deformity in arthritic knees undergoing total knee replacement (TKR) is uncommon, occurring in between 0.5% and 1% of patients. 1, 2 Recurvatum is frequently associated with valgus deformities and ligamentous laxity in patients with rheumatoid arthritis (RA), following previous high tibial osteotomy (HTO) and in neuromuscular disorders such as poliomyelitis. [3] [4] [5] [6] Dealing with a recurvatum deformity during TKR can create difficulty owing to associated varus or valgus deformities, bony abnormalities such as reverse sloping of the tibial plateau, and significant mediolateral instability, which may lead to difficulty in achieving a stable, wellbalanced knee and the possibility of post-operative recurrence of recurvatum. 1, 2, 7 Various surgical options have been suggested to deal with recurvatum during TKR, including posterior capsular plication, 2, 8 proximal and posterior transfer of the collateral ligaments, 1 tightening the extension gap using thicker inserts, 5 under-resecting the bone, 7 under-sizing the femoral component, 7 using distal femoral augmentation blocks 7 and using a constrained prosthesis. 9 Whiteside and Mihalko 7 suggested that the technique of under-resection of the tibia and distal femur, over-resection of the posterior surfaces of the femur, using a smaller femoral component with bone resection being done first and ligaments being balanced later, will provide a stable, wellbalanced knee. However, the lack of quantitative standardisation of bone resection and softtissue release during conventional TKR may result in some unpredictability in the outcome.
Computer-assisted TKR has been reported to increase the accuracy and reproducibility of flexion and extension gap balancing and component placement. 10, 11 Computer navigation helps quantify the amount of distal femoral and proximal tibial resection, simulates alteration in the size and position of the femoral component, and provides quantitative measures of flexion-extension gaps during TKR. However, there are no reports describing the use of computer-assisted navigation for TKR in arthritic knees with recurvatum deformity. The purpose of this study was to evaluate the clinical and radiological outcome of computerassisted TKR in these circumstances.
Patients and Methods
We retrospectively reviewed the medical records, computer navigation data and radiographs of 1150 patients who had undergone computer-assisted TKR between November 2005 and March 2009. The inclusion criteria were recurvatum deformity > 5° as measured intra-operatively using computer navigation, and a minimum post-operative follow-up of 12 months. The exclusion criteria were neuropathic joints, associated neuromuscular disorders and revision procedures. In this way we identified 45 knees in 42 patients (seven men and 35 women) with recurvatum deformity, giving an incidence of recurvatum in arthritic patients undergoing TKR in our patients of 3.9%. The mean age of these patients at the time of surgery was 65.8 years (52 to 84) and mean body mass index was 28.6 kg/m 2 (21.0 to 41.2). The aetiology of the arthritis was primary osteoarthritis in 35 patients, rheumatoid arthritis in four, post-traumatic arthritis in two and previous HTO for primary osteoarthritis in one patient.
All TKRs were performed by a single surgeon (AM) using the computer-navigated technique through an anterior longitudinal incision and a medial parapatellar arthrotomy. All patients underwent TKR using a cemented, posterior cruciate-substituting design (PFC Sigma; DePuy, Warsaw, Indiana), and all had resurfacing of the patella. The aim was to achieve coronal limb alignment within ± 1°o f neutral mechanical limb axis and knee flexion of 3° to 4°i n the sagittal plane. A stable knee was defined as having a medial to lateral unidirectional deflection angle of ≤ 2°f rom a mechanical axis of 0°, or a total arc of ≤ 4° at 10° to 15° of knee flexion, and completely stable with no deflection in full knee extension. We used the image-free Ci navigation system (BrainLab, Munich, Germany). This system uses anatomical mapping of the knee and kinematic analysis of the limb to build up a working model of the patient's knee. After exposure of the joint, the infrapatellar fat pad, the cruciates and the menisci were excised. Using reflecting arrays fixed with two unicortical pins each in the proximal tibia and distal femur, registration was performed in a standard fashion, and the mechanical axes of the femur, tibia and lower limb were determined. The deformity was recorded after exposure of the joint and excision of the cruciates and menisci, and prior to any release. The severity of deformity of the knee in the coronal and sagittal plane was recorded. Cutting blocks were navigated into position to perform the appropriate bone resections. The proximal tibial and the distal femoral osteotomies were performed perpendicular to their respective mechanical axes using navigation. The tibia was resected first, the amount of bony resection being governed by the severity of the deformity: the greater the recurvatum, the less the resection. Using the gap-balancing technique, the degree of soft-tissue release was governed by the amount of soft-tissue tightness assessed using a tensioning device (Protek, Bettlach, Switzerland) and medial and lateral gap imbalance as quantified by the computer. The tensioning device was a modified laminar spreader comprising a single fixed tibial plate sitting on the tibial cut surface and two separate moveable plates for the medial and the lateral femoral condyles. The two femoral plates can be moved independently using a screw mechanism to increase or decrease the tension medial and/or laterally. Medial release for varus knees and lateral release for valgus knees was performed to restore the mechanical axis to 180°. Care was taken to perform no capsular release posteriorly. Posterior osteophytes were removed before performing the distal femoral cut. However, release of the posterior soft tissue was strictly avoided.
The extension gap was then recorded followed by the flexion gap using the tensioning device. Assessment of ligamentous tension using the device was based on the surgeon's subjective perception and varied from patient to patient. Computer navigation only helped to quantify gaps and verify the surgeon's assessment. In full extension, the aim while assessing ligament tension was to achieve limb alignment as close to neutral as possible and similar tension both medially and laterally. The optimised workflow would then recommend the distal femoral resection required and the size and position of the femoral component. The distal femoral resection was then performed. A spacer block was used to confirm mediolateral soft-tissue stability in full extension when a valgus and a varus stress was applied to determine the degree of laxity. The aim was not only to confirm stability in full extension, but also that any opening was equal both medially and laterally, and that the knee recoiled equally when the stress was removed. Rotation of the femoral component was determined from Whiteside's line, 12 with the epicondylar axis used for secondary confirmation and the anterior femoral cut surface inspected to ensure there was no notching. An anteroposterior (AP) cutting block of the appropriate size was navigated into position and a spacer block used to determine the flexion gap at 90° flexion. Any discrepancy in the flexion and extension gaps was corrected by either resecting more bone from the distal femur or changing the size of the femoral component until any difference in the flexion-extension gap did not exceed 2 mm. The posterior femoral cut was then performed, followed by the chamfer and box cuts. Limb alignment and flexion-extension gap balancing was re-checked with the knee in full extension and 90° flexion using trial components. We cemented in the definitive components if the coronal and sagittal alignment with the trials was satisfactory.
The amount of proximal tibial and distal femoral resection, extent of soft-tissue release, femoral sizing and the need for additional procedures (such as epicondylar osteotomy) were based on the degree of recurvatum and the type of associated varus and valgus deformity, using an algorithm of the surgical technique. Tibial fixation was augmented with stems in two knees with severe valgus deformity. Lateral epicondylar osteotomy as described by Mullaji and Shetty 13 was performed in one knee with severe rigid valgus deformity to facilitate its correction and mediolateral soft-tissue balance.
Post-operatively patients were mobilised fully weightbearing, with active knee flexion commenced on the first post-operative day. Patients were encouraged to maintain the knee in a position of slight flexion over a pillow for two to four weeks post-operatively, depending on the degree of recurvatum, to allow the posterior soft tissues to tighten. In three patients with severe pre-operative recurvatum where the recurvatum at the end of surgery was between 0° and 2°, a long-leg knee brace was used during walking for two weeks, although full range of movement of the knee was permitted. No immobilisation was used in the remaining patients. All patients were assessed clinically and radiologically at six weeks, three months, six months and one year post-operatively, and annually thereafter.
In all knees, navigation data, including the deformity in the coronal and sagittal plane, the deformity at the start of TKR (after exposure) and at the end of surgery (just before closure), the amount of bony resection from the proximal tibia and distal femur, and size of the femoral component were recorded and stored. Standing full-length (hip to ankle) weight-bearing AP and lateral radiographs were obtained in all patients pre-and post-operatively. The coronal limb alignment hip-knee-ankle (HKA) angle was determined pre-and post-operatively (Fig. 1) . On the postoperative radiographs, the coronal alignment of the femoral and tibial components was measured with respect to their respective mechanical axes. On lateral radiographs, the sagittal alignment of the femoral component and tibial slope were measured. The joint line was measured on the AP standing pre-and post-operative radiographs using the Kawamura and Bourne method. 14 Posterior offset was measured in pre-and post-operative lateral radiographs as described by Bellemans et al. 15 All radiological measurements were made by a single observer (APL) using the Image J image processing and analysis software (version 1.41; US National Institutes of Health, Bethesda, Maryland.
All patients were evaluated clinically pre-and post-operatively using the Knee Society score, 16 Oxford knee score 17 and Western Ontario and McMaster Universities Osteoarthritis Index (WOMAC) 18 knee scores. The knee range of movement and any recurrence of recurvatum were recorded. For this the patients were assessed both supine and standing. In the supine position, the legs were photographed with the knee in maximum active flexion. In the standing position, the legs were photographed from the side with the patient standing on one leg to assess any residual recurvatum (Fig. 2) . The range of flexion and residual recurvatum were then measured clinically and on the photograph of the patient's limb, using lines drawn along the mid-thigh mid-leg using the Image J software processing and analysis software. Statistical analysis. The arithmetic mean, standard deviation (SD), and the distribution of values were determined for each measure. Paired t-tests were used to test significance, and p < 0.05 was considered statistically significant. SPSS version 17.0 (SPSS Inc., Chicago, Illinois) statistical software was used for data analysis.
Results
The mean recurvatum as measured by navigation at the start of the operation was 11° (6° to 15°). At the end of the procedure this had improved to a mean flexion of 3.1° (0°t o 7°). The mean proximal tibial resection was 6.9 mm (4.6 to 9.1; 95% confidence interval (CI) 6.5 to 7.2) and the mean distal femoral resection was 6.8 mm (2.5 to 10.8; 95% CI 6.3 to 7.3). None of the knees had mediolateral laxity > 2 mm and a unidirectional deflection angle > 2°f rom a mechanical axis of 0° at the end of the surgery. The mean difference between the extension gap width and the flexion gap width after implantation of the prosthesis was 1.2 mm (0 to 4). Most of the knees (41 of 45, 91%) were managed using inserts of thickness ≤ 12.5 mm and the remaining four required inserts 15 mm thick. No knee required inserts > 15 mm thick or a constrained prosthesis. In three knees the femoral component used was one size smaller than that recommended by the navigation software in order to balance the flexion-extension gaps.
The radiological parameters are summarised in Table I . On pre-operative full-length standing radiographs, 26 limbs (58%) had a varus deformity and 19 (42%) had a valgus deformity. The mean joint line height was significantly greater post-operatively compared with preoperatively (p = 0.04). The joint line changed by a mean of 1.1 mm (-4 to 8) post-operatively. In 30 knees (67%) it was raised by a mean of 2.5 mm (0.5 to 8), in eight knees (18%) it was lowered by a mean of 2.3 mm (0.5 to 4) and in seven knees (15%) there was no change in height of the joint line. The mean post-operative posterior femoral offset did not significantly differ from the mean pre-operative value (p = 0.07). The posterior femoral offset changed by a mean of 0.9 mm (-4 to 5) post-operatively. In 32 knees (71%) it increased by a mean of 2 mm (0.5 to 5) and in 13 knees (29%) it decreased by a mean of 1.3 mm (0.5 to 4). The mean follow up was 26.4 months (13 to 48). No patients had radiological loosening or lysis at final follow-up.
The functional parameters in all patients are summarised in Table II . At final follow-up there was significant improvement in the mean KSS, OKS and WOMAC scores compared with pre-operative values (p < 0.001). The mean flexion significantly improved from 105° (80° to 125°) preoperatively to 131° (120° to 145°) at final follow-up (p < 0.001) (Table II) , when no recurrent recurvatum, anteroposterior instability < 5 mm or mediolateral instability of < 5° was found.
Discussion
Post-operative recurvatum seldom develops in a knee that does not hyperextend at the end of the procedure, except in patients with a neuromuscular condition or rheumatoid arthritis. 1, 2, 4, 9 There are few reports of the outcome following TKR in patients with a recurvatum deformity, 1, 2, 7 and none of the use of computer-assisted TKR in such knees.
Krackow and Weiss, 1 in their description of two patients with osteoarthritis of the knee with recurvatum treated with repositioning of either the medial or the lateral collateral ligament during TKR, reported excess post-operative collateral ligamentous laxity in both patients. Whiteside and Mihalko, 7 using the principles of under-sizing the femoral and under-resection of the tibia and distal femur during conventional TKR in ten knees with recurvatum deformities, reported no recurrent deformities post-operatively. In all cases resection of the bone was done first and ligaments were balanced after the trials were in place. Meding et al, 2 in their results of 57 conventional posterior cruciate-retaining TKRs, reported that four knees had mediolateral instability between 5 mm and 10 mm after implantation of the prostheses. Two knees had a residual hyperextension deformity (10° and 20°, respectively) after surgery, and two had a flexion contracture of 10° at final follow-up. This is in contrast to the results of our study, where no patient had recurrent recurvatum, anteroposterior instability > 5 mm or mediolateral instability > 5° at final follow-up.
Increasing the size of the flexion-extension gap may alter the position of the joint line, 19 which in turn may have a detrimental effect on the range of movement, stability, extensor mechanism function and clinical outcome. in non-Asian patients. This difference might be due to differences in ethnicity; Asian patients tend to have a greater degree of pre-operative knee flexion despite tricompartmental osteoarthritis owing to the high flexion involved in their various activities of daily living, such as squatting and sitting cross-legged. 23, 24 However, pre-operative flexion data to support this hypothesis are lacking for non-Asian patients.
20
Lack of quantitative standardisation of bone resection, soft-tissue release and gap measurements during conventional TKR can result in some unpredictability in outcome. Computer-assisted navigation accurately quantifies the amount of bone resection and soft-tissue release during TKR, which helps to achieve optimum limb and component alignment, and flexion-extension balance. Based on the data obtained from navigation in this study, we recommend a more limited resection of bone than usual from the more preserved side of both the proximal tibial and the distal femur in knees with a recurvatum deformity. Computer navigation software cannot make this recommendation, and the surgeon needs to determine the amount of bone resection based on the type and severity of deformity. The femoral component planning feature of the software is particularly valuable in determining femoral component size and position to equalize the gaps. The femoral component planning screen with the optimised gap option enables the surgeon to adjust the size of the femoral component and its placement and, without performing AP cuts, determine the gaps on the screen. The cuts can then be made if the simulation is deemed to be satisfactory, or the size of the component and/or its placement can be modified in order to obtain the best balance.
Using an algorithmic approach combined with computer navigation helped to correct recurvatum without resorting to constrained implants and excessively thick inserts. Limitations of our study include a relatively small number of knees, a short follow-up and its retrospective nature. The incidence of recurvatum among patients in our series undergoing TKR was higher at 4% than in previously published reports. This relatively high incidence could possibly be due to the identification of patients with less severe recurvatum by navigation which would have otherwise been missed by conventional assessment. Another hypothetical cause for this higher incidence could be ethnic variation. In summary, these early results show that TKR using computer navigation and an algorithmic approach for arthritic knees with a recurvatum deformity can give excellent radiological and functional outcomes without recurrent deformity. Adhering to basic surgical principles such as resecting less bone from the tibia and distal femur is paramount in ensuring a successful outcome in these patients.
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